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Transport properties and magnetic field induced localization in the misfit cobaltite
[Bi2Ba1.3K0.6Co0.1]
RS[CoO2]1.97 single crystal
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Hefei National Laboratory for Physical Science at Microscale and Department of Physics,
University of Science and Technology of China, Hefei, Anhui 230026, People’s Republic of China
Resistivity under magnetic field, thermopower and Hall coefficient are systematically studied for
[Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal. In-plane resistivity (ρab(T)) shows metallic behavior
down to 2 K with a T 2 dependence below 30 K; while out-of-plane resistivity (ρc(T )) shows metallic
behavior at high temperature and a thermal activation semiconducting behavior below about 12 K.
Striking feature is that magnetic field induces a ln(1/T ) diverging behavior in both ρab and ρc(T )
at low temperature. The positive magnetoresistance (MR) could be well fitted by the formula based
on multi-band electronic structure. The ln(1/T ) diverging behavior in ρab and ρc(T ) could arise
from the magnetic-field-induced 2D weak localization or spin density wave.
PACS numbers: 75.30.-m,71.30.+h,71.70.-d,75.47.-m
I. INTRODUCTION
Triangular cobaltites have attracted significant inter-
est for the promising application prospect as thermo-
electrical materials and the complex physical properties
as strongly correlated electron system.[1, 2, 3, 4] The
complex physical properties include the unconventional
superconductivity in water-intercalated Na0.35CoO2,[5]
temperature-dependent Hall effect,[3, 6] large nega-
tive MR in (Bi,Pb)2M2Co2Oy (M=Sr and Ca) and
Ca3Co4O9,[2, 6, 7] large thermopower (TEP) with low
resistivity,[1, 2] and complicated magnetic structure,[8,
9, 10] etc. These triangular cobaltites have the com-
mon structural unit of CdI2-type hexagonal [CoO2]
layer, which is composed of edge-shared CoO6 octahedra.
Among them, the so-called misfit cobaltites Bi2M2Co2Oy
(M=Ca, Sr and Ba) [11] and Ca3Co4O9 [2] are con-
structed by the alternative stacking rocksalt(RS)-type
blocks and [CoO2] layers. The two sublattices share
the common a- and c-lattice parameters, but possess
the different b-lattice lengths causing a misfit along b-
axis with a misfit ratio bRS/bH (bRS and bH are the
b-lattice parameters for RS and hexagonal sublattices,
respectively). In Bi2M2Co2Oy (M=Ca, Sr and Ba), the
quadruple RS block is composed of two deficient [BiO]
layers sandwiched by two [MO] layers.[11] As M=Ba,
commensurate modulation along b-axis between RS and
hexagonal sublattices with bRS/bH=2.0 was found,[12]
being in contrast to the incommensurate modulation in
other misfit cobaltites. Metallicity increases with in-
creasing the ionic radii from Ca to Ba,[6, 7, 12] and
the MR at low temperature also changes the sign from
negative in Ca and Sr compounds[6, 7] to positive in
Ba compounds.[12] It has been found by us that there
coexist large negative and positive contributions to the
nonmonotonic magnetic-field dependent MR in Pb-doped
Bi2Sr2Co2Oy.[13] Spin-dependent charge transport has
been taken into account for understanding the large neg-
ative MR in Sr and Ca compounds, but the large positive
MR in Ba compounds has not been fully understood. In
polycrystalline Bi2Ba2Co2Oy sample, Hervieu et al. re-
ported that the positive isothermal MR exhibits a linear
H dependence. They compared the behavior in Ba com-
pounds with MR in Sr2RuO4 and heavy-Fermion-like ox-
ide LiV2O4 to understand the positive MR.[12] However,
the origin of large positive MR was not settled down,
further work, especially on single crystals, is required to
understand this anomalous positive MR.
In this article, K-doped Bi2Ba2Co2Oy single crystal
was grown through flux method. The single crystal shows
metallic resistivity in ab plane down to 2 K, while exhibits
a weak thermal activation behavior along c-axis at low
temperature. Magnetic field induces a ln(1/T ) diverg-
ing behavior at low temperature in ρab(T ) and ρc(T ).
The positive MR can be interpreted by the multiband
electronic structure. The ln(1/T ) diverging behavior in
ρab(T ) may be ascribed to the magnetic-field-induced 2D
weak localization or spin density wave (SDW).
II. EXPERIMENTAL PROCEDURES
Bi-Ba-Co-O single crystals were grown by the solu-
tion method using K2CO3-KCl fluxes. Starting materials
Bi2O3, BaCO3 and Co3O4 were mixed in a proportion of
Bi:Ba:Co = 2:2:2 with a total weigh to be 4 grams. The
powders were heated at 800◦C for 10 hours. Then the
prepared Bi2Ba2Co2Oy was mixed with the mixture of
KCl and K2CO3 with a molar proportion of 1:4 (20.5
grams), which was loaded in an aluminum crucible hav-
ing 30 ml volume. The solute concentration was about
1.5 mol%. A lidded crucible was used to prevent the so-
lution from evaporating and to grow crystals under sta-
ble conditions. The mixture was melted at 950◦C for 20
hours, and then slowly cooled down to 600◦C at a rate of
5◦C/hr. The single crystals were separated from the melt
by washing with distilled water. The crystals were large
thin platelets and black in color. Typical dimensions of
the crystals are 5×5×0.05 mm3.
Single crystals were characterized by electron diffrac-
2tion (ED) and x-ray diffractions (XRD) using Cu Kα ra-
diations, respectively. The actual chemical composition
of the single crystals was determined by inductively cou-
pled plasma (ICP) atomic emission spectroscopy (AES)
(ICP-AES) technique and X-ray Energy Dispersive Spec-
trum (EDS). The obtained results from ICP-AES and
EDS were almost consistent to be Bi: Ba: K: Co = 2:
1.3: 0.6: 2.1.
Electrical transport was measured using the ac four-
probe method with an alternative current (ac) resistance
bridge system (Linear Research, Inc.; LR-700P). Hall ef-
fect is measured by four-terminal ac technique. To elimi-
nate the offset voltage due to the asymmetric Hall termi-
nals, the magnetic field was changed from -5 to 5 T and
the Hall voltage was calculated to be {V (H)−V (−H)}/2,
where V is the voltage between the Hall probes. The dc
magnetic field for MR measurements is supplied by a
superconducting magnet system (Oxford Instruments).
Thermoelectric power (TEP) was measured using the
steady-state technique.
III. EXPERIMENTAL RESULTS
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FIG. 1: (a):X-ray diffraction pattern; (b): [001] electron
diffraction pattern for the [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97
single crystal
A. Structural characterization
XRD pattern shown in Fig. 1a indicates that the single
crystals are perfect c-orientation with the c-axis lattice
parameter of 15.55 A˚, larger than that in undoped poly-
crystalline sample (15.44 A˚),[12] being consistent with
the substitution of larger K+ for Ba2+ ion (rK+
V I
=1.38 A˚,
rBa2+
V I
=1.36 A˚).[14] The [001] ED pattern shown in Fig.1b
is similar to that of undoped sample reported by Hervieu
et al.[12] except for that the reflection of (020)H visibly
separates from that of (040)RS (where H and RS refer
to the hexagonal and RS sublattices, respectively). In-
plane lattice parameters can be estimated from the [001]
ED pattern. a and b parameter of RS sublattice is larger
than those in undoped polycrystalline sample. aRS and
bRS are 4.905 and 5.640 A˚ for undoped polycrystalline
sample, while 5.031 and 5.683 A˚ for the present single
crystal, respectively. This is due to the substitution of
larger K+ for Ba2+ ion. Along a axis, it is obtained
aRS=
√
3aH (aH=2.907A˚), indicating that the RS and H
subsystems share the common a-axis lattice parameter.
Along b axis, however, an incommensurate modulation
with the misfit ratio bRS/bH = 1.97 (bH=2.88A˚) can be
obtained, indicating that bRS and bH axes are colin-
ear but aperiodic. This is in contrast to the commensu-
rate modulation along b direction in undoped polycrys-
talline sample (bRS/bH = 2).[12] Therefore, the struc-
tural formula of the present compound could be written
as [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97.
B. Resistivity, Hall coefficient and thermopower
Figure 2a shows the temperature dependence of the in-
plane and out-of-plane resistivity (ρab(T ) and ρc(T )) for
[Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal. ρab(T )
shows metallic behavior down to 2 K. This contrasts to
the semiconducting behavior below 80 K in the undoped
polycrystalline sample.[12] It suggests that K doping on
the Ba sites induces excess charge carriers into the sys-
tem. Figure 2c indicates that the metallic in-plane re-
sistivity below 30 K follows T 2-dependence, indicative
of strong electron correlation in the crystal. Such be-
havior is similar to that observed in Na0.7CoO2.[4] How-
ever, out-of-plane resistivity shows a weak semiconduct-
ing behavior below 12 K. Figure 2d indicates that the
weak semiconducting behavior obeys thermal activation
behavior with an activation energy of 0.013 meV. At high
temperature, the out-of-plane resistivity shows metallic
behavior up to room temperature. No incoherent-to-
coherent behavior is observed in this crystal, contrasting
to the Pb-doped Bi2Ba2Co2Oy,[15] in which ρab(T ) is
metallic down to 2 K, while ρc(T ) shows a incoherent-to-
coherent transition at about 180 K with decreasing tem-
perature. It should be pointed out that metallic behavior
in ρab(T ) and semiconducting-like behavior in ρc(T ) is
similar to the case of underdoped sample in the high-Tc
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FIG. 2: (a): Temperature dependence of in-plane and out-
of-plane resistivity; (b): Temperature dependence if resistiv-
ity anisotropy ρc/ρc for the [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97
single crystal. (c): T 2 dependence of the in-plane resistivity
below 50 K; (d): Plot of ln(ρc vs (1/T )
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FIG. 3: Temperature dependence of the Hall coefficient for the
[Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal. Inset shows
the square T dependence of the Hall coefficient.
cuprates, in which ρab(T ) shows metallic behavior, while
ρc(T ) becomes divergency at low temperature.[16] This
behavior is ascribed to opening of pseudogap. However,
similar behavior in [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 sin-
gle crystal cannot be understood so far. Figure 2b shows
the temperature dependence of anisotropy ρc/ρab. The
ρc/ρab is larger than ∼103 in the whole temperature,
suggesting the highly anisotropic electronic structure.
The anisotropy ρc/ρab increases with decreasing temper-
ature, similar to that observed in the (Bi,Pb)2Sr2Co2Oy
crystals.[13] Strongly temperature-dependent anisotropy
indicates that scattering mechanism is different be-
tween in-plane and along c-axis, suggesting a quasi two-
dimensional electronic structure.[16]
Figure 3 shows the temperature dependence of the Hall
coefficient (RH) of the crystal. RH is positive and shows
strongly temperature dependent. Charge carrier concen-
tration can be estimated from RH at the room tempera-
ture to be 1.33×1021 cm−3, three times less than that
observed in Na0.7CoO2 [3] and two times larger than
that observed in Ca3Co4O9.[17] In the inset of Fig. 3,
it is found that the high-temperature RH is proportional
to T 2, different from the linear temperature dependent
RH in Na0.7CoO2.[3] This suggests the different elec-
tronic structure between present misfit-layered cobaltite
and NaxCoO2. Although ρab is metallic down to 2 K,
the RH shows an upturn below about 70 K with decreas-
ing temperature. Similar behavior in Hall coefficient has
been observed in (Bi,Pb)2Sr2Co2Oy single crystals,[6] in
which the upturn of RH at low temperature is ascribed
to anomalous Hall effect. However, the ρxy is linear to
magnetic field down to 10 K in the present crystal, the
anomalous Hall effect is not applicable here to interpret
the upturn of RH . The upturn of RH may suggest either
some localization of charge carrier at low temperature in
spite of the metallic ρab(T ) down to 2 K or reduction of
density of states at Fermi surface because of some un-
known reasons.
Figure 4 shows the temperature dependence of the
thermoelectric power (TEP). The value of TEP at
room temperature is ≈+110µV/K, as large as that in
Na0.75CoO2. However, [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97
has larger resistivity than that of Na0.75CoO2.[18] TEP
decreases with decreasing temperature. The calcu-
lated power factor Q = S2/ρ is 3.2×10−4W m−1
K−2, larger than those observed in Bi2Ca2Co2Oy (≈
2.7×10−4W m−1 K−2) and Ca3Co4O9 (≈ 1.8×10−4W
m−1 K−2) single crystals.[19] Q increases to 6.5×10−4W
m−1 K−2 at around 100 K and then decreases
with decreasing temperature. This maximum is
much larger than those obtained maximum of Q
in Bi2Ca2Co2Oy (≈ 3.2×10−4W m−1 K−2) and
Ca3Co4O9 (≈ 2.1×10−4W m−1 K−2) single crystals.[19]
This indicates that [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 sin-
gle crystal has a better thermoelectric performance
than those in Bi2Ca2Co2Oy and Ca3Co4O9 single
crystals.[19] But the thermoelectric performance of
[Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal is lower
than those observed in NaxCoO2 (x ≥0.70) according
to the data reported by Lee et al.[18]
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FIG. 4: Temperature dependence of thermoelectric power
(TEP) and power factor for [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97
single crystal.
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FIG. 5: Temperature dependence of in-plane magnetoresistiv-
ity under different magnetic field (a): perpendicular and (b):
parallel to ab plane for the [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97
single crystal. (c) and (d) are replotted of (a) and (b) in
log(T ) scale, respectively. The dashed lines guide eyes linear
to ln(1/T ).
C. Magnetotransport
Figure 5 shows the temperature dependence of in-plane
resistivity under different magnetic fields (H) varying
from 0 to 14 T. Striking feature is observed that magnetic
field leads to a transition from metallic to semiconductor-
like behavior at low temperature with H either perpen-
dicular or parallel to the ab plane. The minimum resis-
tivity appears in ρab(T ) and obvious positive magnetore-
sistance (MR) is observed. As shown in Fig.5, the tem-
perature corresponding to the minimum resistivity shifts
to high temperature with increasing magnetic field. At
2.5 K and 8 T, the positive MR reaches 4% as H lies in
ab plane and 6% as H is along the c-axis, respectively.
This value is much lower than that observed in undoped
polycrystalline sample, where about 10% of MR was ob-
served at 2.5 and 7 T.[12] The effect of H on ρab(T ) is
stronger with H//ab plane than that with H ⊥ ab plane.
As shown in Fig.6, similar effect of H on ρc(T ) is also ob-
served. Although the upturn of ρc(T ) at low temperature
follows a thermal activation behavior without magnetic
field, external magnetic field leads to a change of low tem-
perature resistivity from a thermal activation behavior to
a ln(1/T) diverging behavior with H either perpendicu-
lar or parallel to the ab plane. It suggests that ρab(T )
and ρc(T ) show the same temperature dependence under
H at low temperature although they show contrasting be-
havior (metallic in ρab(T ) and semiconducting in ρc(T ))
without H.
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netoresistivity under different magnetic field (a): per-
pendicular and (b): parallel to ab plane for the
[Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal.
Figure 7 shows the magnetic field dependence of the
temperature corresponding to the minimum resistivity
(ρab(T ) and ρc(T )). It indicates that the tempera-
ture corresponding to the minimum resistivity (Tmin)
increases with increasing H, suggesting that the local-
ization is enhanced by H . It should be pointed out
that Tmin in ρc(T ) is enhanced slightly with increasing
magnetic field, contrasting to the strong dependence of
Tmin in ρab(T ). Negative MR is a common feature in
Ca3Co4O9 and (Bi,Pb)2M2Co2Oy(M = Sr and Ca), in
which semiconducting resistivity can usually be observed
below a certain temperature.[2, 6, 7] While withM = Ba,
large positive MR has been observed in polycrystalline
5sample.[12] The negative MR has been explained to be
related to the spin-dependent transport at temperatures
below or close to the magnetic ordering transitions, while
the positive MR is not clearly understood. In the previ-
ous reports, no such obvious positive MR has been found
in a metallic triangular cobaltites: either Tl0.4SrCoOx or
NaxCoO2. Na0.75CoO2 is exceptional case, spin density
wave (SDW) has been taken into account for interpreting
the anomalously large positive MR in it.[20] We tried to
fit the ρab(T ) at H=8, 11 and 14 T below Tmin with a
variety of functional forms. It turned out that the resis-
tivity at low temperature under H cannot be fitted by the
formula including thermal activation (lnρ ∼ -1/T ), var-
ious types of variable range hopping (VRH) conduction
(lnρ ∼ -T−α with α= 1
2
, 1
3
and 1
4
) and power law (lnρ ∼
lnT ). Instead, the data at high magnetic field with H
either perpendicular or parallel to the ab plane exhibit a
ln(1/T) divergence [ρ ∼ln(1/T)] as shown in Fig.5c, 5d
and Fig.6. Such magnetic-field-induced localization has
not been observed yet in the triangular layered cobaltites
previously.
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mum ρab(T ) and ρc(T ) as a function of magnetic field
with H parallel and perpendicular to ab plane for the
[Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal.
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FIG. 8: Magnetic-field dependence of the in-plane and out-of-
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plane for the [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal.
The solid lines are the fitting results with Eqn.(1).
The in-plane and out-of-plane isothermal MRs were
measured at 5 K and 10 K with H varying from 0 to 14 T
as shown in Fig. 8. All the MRs are positive and increase
with lowering temperature. The value of MR with H//ab
is larger than that withH//c at a fixed temperature. The
MR does not follow the classical H2 law or Kohler’s law
(i.e. collapsing to a single curve in Kohler plot, δρ/ρ vs.
H/ρ0). The MRs do not follow a linear relationship toH ,
as claimed by Hervieu et al. in undoped polycrystalline
sample.[12] These unusual positive MRs may be related
to the magnetic-field-induced localization as indicated in
Fig.5 and Fig.6.
IV. DISCUSSIONS AND CONCLUSIONS
Magnetotransport behavior can usually be related to
the Fermi surface.[21] For example, a square Fermi sur-
face can lead to a linear MR due to the presence of a
sharp corners.[21] For systems with multiband electronic
structure involving two types of charge carriers, the H
6dependence of MR can be written as
∆ρ/ρ(0) = aH2/(b+ cH2) (1)
where a, b and c are positive, H-independent quantities
determined by the relaxation rates of each type of charge
carrier.[22] Local density approximation (LDA) calcula-
tions in NaCo2O4 predicted a large cylindrical Fermi sur-
face around Γ-A line, surrounding by small satellite hole-
like pockets centered about 2/3 of the way out on the
Γ-K and A-H directions.[23] In NaxCoO2, however, no
such satellite hole-like pocket has been experimentally
observed.[24] Interestingly, Feng et al. found that the
square BiO layer is also conducting except for the triangle
Co-O layer in the same [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97
single crystal through ARPES.[25] The electronic struc-
ture of [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 is different from
that of NaxCoO2. Therefore, multiband electronic struc-
ture does exist in [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 sin-
gle crystal. Furthermore, because of the peculiar rhom-
bohedral coordination the t2g orbitals of the low-spin
Co3+ and Co4+ in the triangular cobaltites would be
split, forming heavy a1g and light e
′
g holes.[23, 26] Con-
sequently, we tried to fit the MR data shown in Fig.8
using Eqn.(1). Surprisingly, the out-of-plane MR data
can be well fitted using Eqn.(1) as shown in Fig.8. The
in-plane MR data can also be roughly fitted. Therefore,
it suggests that the positive MR in this crystal possibly
results from the multiband electronic structure with two
types of charge carriers.
Slight deviation from Eqn.(1) is observed for the in-
plane isothermal MRs. Therefore, there could be some
other mechanisms for this positive MR in addition to
the multiband electronic structure. A magnetic-field-
induced logarithmic temperature dependence of in-plane
resistivity has been observed as shown in Fig. 5c and 5d.
Such magnetic-field-induced logarithmic temperature-
dependent resistivity has been reported in high-Tc
cuprates, in which the logarithmically temperature-
dependent resistivity appears when superconductivity is
suppressed by external magnetic field.[27] There are two
main points of view to interpret such logarithmic resis-
tivity. In cuprates, field-induced SDW state has been
taken as one of the points of view to interpret the loga-
rithmically temperature-dependent resistivity.[28, 29, 30]
In most misfit-layered triangular cobaltitles, such as
Ca3Co4O9, (Bi,Pb)2M2Co2Oy (M=Ca and Sr), SDW
is a common spin ordered state.[10] Determining from
the µSR results, however, no SDW exists down to 1.8 K
at zero or low field in updoped Bi2Ba2Co2Oy,[10] with
large positive MR at low temperature. It could be be-
lieved that [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crys-
tal have no SDW state because of the much better metal-
licity compared to the updoped Bi2Ba2Co2Oy sample. If
the logarithmically temperature-dependent resistivity in
[Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal arise from
the SDW order as that in high-Tc cuprates, the SDW
state should be field-induced. Up to now, however, no
evidence for the field-induced SDW has been reported.
Consequently, µSR experiments in high magnetic field
could be desired to turn out weather the SDW can be
induced in the present compound by magnetic field.
Another point of view is the weak localization in 2D
systems,[31, 32] which theoretically predicts a logarith-
mic temperature dependence of the conductivity.[33] The
misfit structure leads to the system to be 2-dimensional
structurally. The large anisotropy and the strong tem-
perature dependence of the anisotropy as shown in Fig.2
suggests the [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crys-
tal to be a (quasi) 2D electronic system. Evidenc-
ing from these results, it is also possible that field-
induced 2D weak localization results in the logarithmi-
cally temperature-dependent resistivity. This is reason
why the in-plane MR data are roughly fitted with slight
deviation based on the multiband electronic structure
with two types of charge carriers.
In conclusion, resistivity under magnetic field, ther-
mopower and Hall coefficient are systematically studied
for [Bi2Ba1.3K0.6Co0.1]
RS [CoO2]1.97 single crystal. An
anomalous behavior is observed that there exist a con-
trasting behavior at low temperature in in-plane resis-
tivity (ρab(T)) and out-of-plane (ρc(T )): metallic behav-
ior down to 2 K with a T 2 dependence below 30 K in
ρab(T); while a thermal activation semiconducting be-
havior below about 12 K in ρc(T ). Magnetic field leads
to a ln(1/T ) diverging behavior in both ρab and ρc(T ) at
low temperature. The isothermal out-of-plane MR can
be quite well fitted by taking into account the multi-
band electronic structure with two types of charge carri-
ers. The ln(1/T ) diverging ρab(T ) in magnetic field could
arise from the field-induced 2D weak localization or mag-
netic field induced spin density wave.
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